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Overview
Introduction
•general physics motivation 
•Belle II  

Recent results
•for LFV (and BNV) 
•for light new physics 

Closing

(C)LFV = (charged) lepton flavor violation
BNV = baryon number violation



τ τ τ−

τ τ τ

lepton number, lepton flavor, baryon number
• each, conserved in the SM (with  for LF) due 

to accidental symmetries 

• with , LFV can occur but suppressed by 
 

Observation of LFV will be a clear signal of NP
• many BSM scenarios predict CLFV with 

 

BNV
• crucial ingredient for BAO (matter-antimatter 

asymmetry) 

mν = 0

mν ≠ 0
(mν /mW)4

ℬCLFV ∼ (10−10 − 10−7)

3

Motivation
5.10 Tau decays

5.10.1 Introduction

Lepton flavor violation (LFV) in τ decays is one of the most important physics target in the
Super KEKB project. Here we give a brief review of various theoretical predictions available in
recent years, and the experimental achievements and prospects at the Super KEKB experiment.

Lepton flavour conservation in the Standard Model (SM) is associated with neutrinos being
massless. Observations of neutrino oscillations imply a nonzero mass and hence the mixing of
lepton flavours, which is violating the lepton flavor conservation. With finite but tiny masses
compared to the weak scale (mW ∼ 80.4 GeV), charged lepton flavour violating processes are
however strongly suppressed and beyond experimental reach, since

B(τ → lγ) =
3α
32π

|
∑

i

U∗
τ iUµi

△2
3i

m2
W

|2 ≤ 10−53 ∼ 10−49, (5.87)

where U is the PMNS neutrino mixing matrix and △2
ij is difference of neutrino mass squares,

△2
ij = m2

νi
− m2

νj
[200].

The situation is quite different if there are new particles which have masses of the order of
the weak scale and couples to leptons. In fact, many extensions of SM, such as supersymmetry
(SUSY), little Higgs models and extra dimensions predict enhanced LFV decays. Some of recent
theoretical predictions relevant for the LFV τ decays are summarized in Table 5.19. For the
LFV τ decays, the branching fractions can be as high as in the experimentally obtainable range
10−9 ∼ 10−7 and the upper bound is in fact limited by recent B-Factory experiments results.

model Ref.
SUSY + Seesaw [207], [208], [209], [201], [202]
SUSY + GUTs [203], [204], [205], [206], [210]
SUSY(Higgs mediated) [211], [212], [213], [214], [215], [216], [217]
Unconstrained MSSM [218]
SUSY+R-parity violating [219], [220]
Little Higgs [221], [222]
Non-universal Z’ [223]
Extra-dimension [224], [225], [226]
Left-Right Symmetric model [227]
νR at O(10TeV) [228], [229]
Others [230]

Table 5.19: A compilation of the theoretical predictions of the LFV τ decays.

The current limit on the µ → eγ is set at B(µ+ → e+γ) < 1.2 × 10−11 (90% C.L.) by
the MEGA experiment at the Los Alamos Meson Physics Facility [231]. The MEG experiment
at PSI is now starting the physics run with a sensitivity with 10−13 [232]. For the µ − e
conversion experiments, two experiments at sensitivity of 10−16 are proposed at J-PARK [233]
and FNAL [234]. And ambiguous future project at a sensitivity of 10−18 is designed at J-
PARK [235].

There are exciting projects on the LFV searches on the muon sector [236]. However, even
if µ+ → e+γ is discovered at some levels, it will not provide sufficient information to determine
the underlying LFV mechanism or even identify the correct underlying theory. In addition we
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injector  
to Linac

<latexit sha1_base64="UWjsKjkQb+7ZrcSov+jRxg+Rebc="></latexit>p
s = 10.58 GeV = m⌥(4S)c

2

We also have data taken off-resonance 
as well as energy scan around Υ(5S)

• Not just a “B-factory”, but tau-factory as well (charm-factory, too) 
 

• -tagging ➔ make most  LFV analyses nearly background-free 
σ(e+e− → Υ(4S) → BB) ∼ σ(e+e− → τ+τ−) ∼ O(1 nb)
τ τ

4

SuperKEKB and Belle II
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Belle II luminosity

Belle (1999-2010) 
Luminosity

 

•  for   

•  at 

∫ ℒtotal = 1039 fb−1

980 fb−1 τ+τ−

25 fb−1 Υ(2S)
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For LFV (and BNV)

 τ+ → μ+μ−μ+

τ+ → ℓ+V0

 τ− → Λπ−, Λπ−

 Υ(2S) → ℓ±τ∓



7

inclusive
tag sig 

JHEP 09(2024)062

 τ+ → μ+μ−μ+

Belle II with 424 

two hemispheres

• for  and  

• separated by a plane   (thrust axis), 
maximizing  

inclusive tagging

• allow  and  (measure all the 
neutrals, too) 

• signal optimization and background rejection 
by multi-variate analysis (BDT) 

fb−1

τsig τtag

⊥ n̂T
T

3 × 1 3 × 3
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 τ+ → μ+μ−μ+
JHEP 09(2024)062

2D analysis for signal extraction  

variables

analysis regions

•  analysis region 

• sideband — for bkgd. estimation 

•  signal ellipse (“SR”, blinded)

±20σ

5σ
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 τ+ → μ+μ−μ+
JHEP 09(2024)062

check agreement b/w data and MC for the 
BDT output

• [SB]  (MC) vs. 3 events (data) 

expected N(background)
• data-driven method using 3 regions  

, outside SR with  
, inside SR with  
, outside SR with  

•  (from pseudoexperiments 
assuming Poisson dist. for ) 

2.0+0.7
−0.5

NA = 4 0.2 < pBDT < 0.85
NB = 2 0.2 < pBDT < 0.85
NC = 1 pBDT > 0.9

Nexp = 0.7+0.6
−0.5

NA, NB, NC

Nexp = NC ×
NB

NA
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  Resultτ+ → μ+μ−μ+
JHEP 09(2024)062

• dominant syst. uncertainties 
from momentum scale ( ), signal region ( )

ℬ(τ+ → μ+μ−μ+) = (2.1+5.1
−2.4 ± 0.4) × 10−9

16 % +2.9
−3.9 %
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Upper limit of ℬ(τ+ → μ+μ−μ+)
UL estimated with CLs method 
(modified frequentist in RooStat)

•  pseudo-experiments at 40 
uniform points in the BF range 
(0-5)  

observed (expected) limit:
 

• most stringent to date

5 × 104

× 10−8

ℬ < 1.9 (1.8) × 10−8

11

JHEP 09(2024)062
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Motivation
•    thought to be a sensitive probe for LQ models  
• some models (unparticle, type-III seesaw, littlest Higgs) predict 

 

Analysis feature
• tag side:  
• signal side:  and  
• reject missing particle(s) (any missing particle should be in 

the tag side) 
✓  and additional cuts depending on mode

• BDT to further reduce the remaining bkgd.  
✓  
✓ (categorical)  decay modes, collision energy
✓ (additionally for ) 

τ+ → μ+ϕ

ℬ ∼ 𝒪(10−10 − 10−8)

ℓ±νν, π±ν, π±π0ν, π±π0π0ν, π±π∓π±ν
ℓ = e, μ V = ρ0, ϕ, ω, K*0, K*0

cos θcm
miss−tag > 0

τ
ℓ+ω psig

π0 , Elow
γ

τ+ → ℓ+V0

12

curve (AUC) of the Receiver Operating Characteristic curve [45] for the validation samples

during the training and choose the BDT with the best AUC score.

The event selection with the BDT output (BDT selection) is determined only by a

target signal e�ciency. The target signal e�ciency is determined based on the signal

e�ciency with a cut-based event selection. In the cut-based event selection, the MV 0

windows correspond to ±2� of reconstructed mass distribution, and the M
2
⌫ windows are

set for each `V
0 mode and each ⌧tag decay mode so that the expected number of background

events inside the signal region (NBG, see the next section) is approximately one or less.

The target signal e�ciency with the BDT selection is set as relatively 5% larger than that

with the cut-based event selection, because we expect improvement in separating the signal

events from the background events.

The finalized BDT selection shows similar NBG to that of the cut-based event selection.

The BDT selection is not applied to the `� modes because NBG in each of the two modes

is small enough.

Figure 2: The M
2
⌫ distribution of the ⌧ ! µ⇢

0 mode with the hadronic tags after the

event selection except for the requirement of the BDT output. Black points with error bars

are the data outside the blind region. Red solid histogram is the signal MC. The signal MC

is scaled to the number of events corresponding to 100 times as large a branching fraction

as the current upper limit. The events constituting the upper tail of the signal distribution

originate from wrong or missing ⇡
0 in the tag side.

4 Signal e�ciency and background estimation

We define the signal region with an ellipse in the M`V 0–�E plane. Most of the signal

events cluster around M`V 0 = 1.777 GeV/c2 and �E = 0 GeV with some correlation. The

ellipse oblateness and the rotation angle are calculated from the covariance matrix of the

signal MC distribition after the event selection. The center of the ellipse is the mean of the

distribution. The ellipse size is determined to maximize the figure-of-merit (FOM) [46],

FOM =
"

↵
2 +

p
NBG

, (4.1)

– 6 –

Figure 1: The cos ✓c.m.
miss�tag distribution of the ⌧ ! e⇢

0 mode with a electron tag track

after the reconstruction, particle identification, and photon conversion event suppression.

Black points with error bars are the data outside the blind region. Red solid histogram

is the signal MC. The signal MC is scaled to the number of events corresponding to 100

times as large branching fraction as the current upper limit. The red dashed line is the

upper limit to remove the low-multiplicity events. The low-multiplicity events cluster

around cos ✓c.m.
miss�tag = 1, whereas the other background events are linearly distributed in

the region of cos ✓c.m.
miss�tag > 0.8.

• (additional for the `! modes) P sig
⇡0 , E

low
� ,

whereMV 0 is the invariant mass of the vector meson, M2
⌫ is the missing mass squared, P c.m.

⌫

is the missing momentum in the c.m. frame, T is the magnitude of the thrust vector [39, 40],

P
sig
` is the momentum of the lepton in the signal side, Ehemi

tag is the energy sum of the tracks

and photons in the tag hemisphere, P sig
⇡0 is the momentum of ⇡0 from ! and E

low
� is the

lower energy of the two photons from the ⇡0. The variables of neutrino kinematics (M2
⌫ and

P
c.m.
⌫ ) were not used for the event selection in the previous paper [29]. They are calculated

from the momenta of the reconstructed ⌧sig and ⌧tag, where the energy of ⌧sig is fixed to the

half of the beam energy in the c.m. frame. The qq̄ continuum background events can be

e↵ectively suppressed by a M
2
⌫ selection in the hadronic tags, involving only one neutrino

(Figure 2).

The training, validation and evaluation of the BDT are done with 40%, 10%, and

50% of the signal MC, respectively. Regarding the training and validation samples for

the background events, we utilize hadron background enhanced data that are obtained by

removing the lepton identification for the signal-side leptons but with a lepton identification

veto (P(e)  0.9 and P(µ)  0.95) for all the signal-side tracks in the data. The hadron

background enhanced data have a much larger number of events than the background data

with the nominal selection criteria, whereas both data sets are composed mainly of three

charged pions from ⌧ decays or from continuum events. The training is done with 80%

of the hadron background enhanced data and the validation is done with 20%. During

BDT training, a weight is applied to each of the signal MC events such that the sum of

the weights is equal to the number of background events. We monitor the area under

– 5 –

the missing energy in the c.m. frame (Ec.m.
miss) is required to be larger than 0 GeV. Events

with missing particles other than neutrinos should be rejected as background events. These

non-neutrino missing particles can arise in two ways: neutral particles pass through the

gaps between the barrel and end-cap ECLs, and any particles go outside the CDC volume.

Thus, the direction of the missing momentum is required not to point to such regions. The

missing particles should be in the tag side and hence cos ✓c.m.
miss�tag > 0, where ✓

c.m.
miss�tag

is the angle between the missing momentum and the vector sum of the momenta of the

tag-side tracks and photons in the c.m. frame. The neutrino angle with respect to the ⌧tag

momentum direction is restricted in a ⌧tag two-body decay; thus cos ✓c.m.
miss�tag < 0.85 is also

applied for the `⇢
0 modes with ⌧tag ! ⇡⌫.

We require features of a generic ⌧ decay in the tag side. The invariant mass of the

particles including all photons in the tag hemisphere should be less than the ⌧ mass (1.777

GeV/c2). For ⌧tag decays into ⇡⇡
0
⌫ (3⇡⌫), the reconstructed mass of those pions is required

to be 0.4 GeV/c2 < M⇡⇡0 < 1.3 GeV/c2 (0.7 GeV/c2 < M3⇡ < 1.7 GeV/c2), which

corresponds to the mass of ⇢± (a±1 ).

After the above event reconstruction, the background sources are the qq̄ continuum

(q = u, d, s, c), generic ⌧
+
⌧
�, and low-multiplicity events. The low-multiplicity events

especially contribute to the background events for eV
0 modes that have electron tracks.

We suppress the low-multiplicity events first, and then use a maltivariate analysis tool to

suppress the qq̄ continuum and generic ⌧
+
⌧
� events.

The Bhabha events have tracks from photon conversion. To suppress these background

events for the eV 0 modes, the invariant mass of the electron and one of the tracks from the

V
0, assigned the electron-mass hypothesis, should be larger than 0.2 GeV/c2. In addition,

for the eK
⇤0 and eK

⇤0 modes, the invariant mass of the two tracks from the V
0, each

assigned the electron-mass hypothesis, is required to be larger than 0.1 GeV/c2. This

event selection also suppresses some of the generic ⌧
+
⌧
� events, which have tracks from

photon conversion.

The low-multiplicity background events are still not negligible for the events with elec-

trons: ⌧ ! eV
0 or ⌧tag ! e⌫⌫. Because the missing particles of the low-multiplicity back-

ground events are the bremsstrahlung photons from the electron in the tag side, cos ✓c.m.
miss�tag

is close to one (Figure 1). In addition, the missing energy is small for some low-multiplicity

background events. For the µ⇢0 mode with ⌧tag ! e⌫⌫, cos ✓c.m.
miss�tag < 0.99 and E

c.m.
miss > 0.4

GeV selection criteria are applied. For the eV 0 modes with ⌧tag ! e⌫⌫ or ⇡⌫, cos ✓c.m.
miss�tag <

0.97 is applied. For the eV
0 modes with ⌧tag ! e⌫⌫, Ec.m.

miss should be larger than 0.4, 2.0,

and 1.5 GeV for e�, e⇢0, and the other eV 0 modes, respectively.

The remaining background events are mainly from the qq̄ continuum (q = u, d, s, c)

and generic ⌧+⌧� events, which have three charged pion tracks in the signal side. We use a

two-class Boosted Decision Tree (BDT) for signal and these background classification. The

BDT library is LightGBM [44]. This BDT outputs a signal probability using the following

input variables:

• MV 0 , M2
⌫ , P

c.m.
⌫ , T , P sig

` , Ehemi
tag , cos ✓c.m.

miss�tag

• (categorical variables) ⌧tag decay mode, collision energy

– 4 –

BELLE

JHEP 06(2023)118

980  of Belle data (126  more than previous)fb−1 fb−1
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(a) ⌧ ! µ⇢
0 (b) ⌧ ! µ�

(c) ⌧ ! µ! (d) ⌧ ! µK
⇤0

(e) ⌧ ! µK
⇤0

Figure 4: Observed event distributions of M`V 0 vs. �E after the ⌧ ! µV
0 event selection.

Black points are the data, blue squares show the signal MC distribution with an arbitrary

normalization. The red ellipse line is the signal region. The estimation of the number of

background events is done using the data between the red horizontal lines except the blind

region.
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– 13 –

(a) ⌧ ! µ⇢
0 (b) ⌧ ! µ�

(c) ⌧ ! µ! (d) ⌧ ! µK
⇤0

(e) ⌧ ! µK
⇤0

Figure 4: Observed event distributions of M`V 0 vs. �E after the ⌧ ! µV
0 event selection.

Black points are the data, blue squares show the signal MC distribution with an arbitrary

normalization. The red ellipse line is the signal region. The estimation of the number of

background events is done using the data between the red horizontal lines except the blind

region.
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(a) ⌧ ! e⇢
0 (b) ⌧ ! e�

(c) ⌧ ! e! (d) ⌧ ! eK
⇤0

(e) ⌧ ! eK
⇤0

Figure 5: Observed event distributions of M`V 0 vs. �E after the ⌧ ! eV
0 event selection.

Black points are the data, blue squares show the signal MC distribution with an arbitrary

normalization. The red ellipse line is the signal region. The estimation of the number of

background events is done using the data between the red horizontal lines except the blind

region.

– 14 –

(a) (b) (c) (d)

5 Results

Figures 4 and 5 show the observed event distributions in theM`V 0–�E plane. The observed

number of events in the signal region (Nobs) has no excess over NBG.

We set 90% C.L. upper limits on the branching fractions based on a Bayesian method

with the use of Markov Chain Monte Carlo [49]. The probability density function of

the branching fraction (B(⌧ ! `V
0)) is calculated assuming that Nobs follows a Poisson

distribution function whose mean value is the expected number of events (Nexp),

Nexp = L⇥ 2�⌧⌧B(⌧ ! `V
0)⇥ "+NBG, (5.1)

where L is the integrated luminosity (980.4± 13.7 fb�1), �⌧⌧ is the cross section of ⌧ -pair

production that is calculated with KKMC [48] (the weighted average of �⌧⌧ at all the beam

energies is 0.916± 0.003 nb), and " is the signal e�ciency including the branching fraction

of the V 0. We assume that these values (L,�⌧⌧ , ", and NBG) follow a Gaussian distribution

with the width equal to the uncertainty of each value.

The upper limits on B(⌧ ! `V
0) are listed in Table 2. The average of the limits is

better than that of the previous results using 854 fb�1 [29] by 30%. This is due to the

additional 15% of integrated luminosity; the addition of ⇡±
⇡
⌥
⇡
±
⌫ and ⇡

±
⇡
0
⇡
0
⌫ modes in

⌧tag reconstruction, which increases the signal e�ciency by 9.6%; and the event selection

by multivariate analysis (BDT). The upper limit on B(⌧ ! µ⇢
0) is worse than that of

the previous result, though the expected upper limit before unblinding is better. This is

because we use the Bayesian limits instead of the Frequentist limits, which are negatively

proportional to NBG when Nobs is fixed.

Table 2: The signal e�ciency ("), the expected number of background events (NBG),

total systematic uncertainty of the expected number of signal events (�syst), the number

of observed events in the signal region (Nobs), and the observed 90% C.L. upper limits on

the branching fraction (Bobs (10�8)).

Mode " (%) NBG �syst (%) Nobs Bobs (⇥10�8)

⌧
�
! µ

�
⇢
0 7.78 0.95±0.20(stat.) ±0.11(syst.) 4.6 0 < 1.7

⌧
�
! e

�
⇢
0 8.49 0.80±0.27(stat.) ±0.02(syst.) 4.4 1 < 2.2

⌧
�
! µ

�
� 5.59 0.47±0.15(stat.) ±0.05(syst.) 4.8 0 < 2.3

⌧
�
! e

�
� 6.45 0.38±0.21(stat.) ±0.00(syst.) 4.5 0 < 2.0

⌧
�
! µ

�
! 3.27 0.32±0.23(stat.) ±0.03(syst.) 4.8 0 < 3.9

⌧
�
! e

�
! 5.41 0.74±0.43(stat.) ±0.01(syst.) 4.5 0 < 2.4

⌧
�
! µ

�
K

⇤0 4.52 0.84±0.25(stat.) ±0.03(syst.) 4.3 0 < 2.9

⌧
�
! e

�
K

⇤0 6.94 0.54±0.21(stat.) ±0.12(syst.) 4.1 0 < 1.9

⌧
�
! µ

�
K

⇤0 4.58 0.58±0.17(stat.) ±0.06(syst.) 4.3 1 < 4.2

⌧
�
! e

�
K

⇤0 7.45 0.25±0.11(stat.) ±0.01(syst.) 4.1 0 < 1.7

– 10 –

(a)

(b)
(c)

(d)

“ … the upper 
limits are 
improved by 30% 
on average …”

BELLE

JHEP 06(2023)118

τ+ → ℓ+V0
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arXiv:2407.05117

 τ− → Λπ−, Λπ−
baryon-number-violating (BNV)
• in SM, baryon # (B) and lepton # (L) conservations are accidental 
• but sphaleron processes could result in BNV & LNV, while preserving  

• some NP models predict BNV, with  

analysis approach
• use ,  
• require 1-prong tag, resulting in 4 charged tracks  
• signal selection and optimization by Gradient-BDT  
• use sideband in  for bkgd. assessment

B − L
|Δ(B − L) | = 0, 2

Λ → pπ− Λ → pπ+

(MΛπ, ΔE)
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arXiv:2407.05117

 Resultτ− → Λπ−, Λπ−

Signal counting in  

• efficiency: 9.5% (9.9%)  for  ( ) 

•   for  ( ) 

• 7 (6) events in the SB for  ( ), resulting 
in  for background 

• zero event observed in each mode  

branching fractions
• dominant systematic source: hadron ID (~2.2%) 

 

 

• world’s most stringent BF upper limits

(MΛπ, ΔE)
τ− → Λπ− Λπ−

Nsim
SB = 3.2+1.7

−1.2 (5.5+2.1
−1.6) τ− → Λπ− Λπ−

τ− → Λπ− Λπ−

Nexp = 1.0+1.3
−1.1 (0.5 ± 0.6)

ℬ(τ− → Λπ−) = (−2.5+4.1+1.9
−3.7−1.4) × 10−8 < 4.7 × 10−8

ℬ(τ− → Λπ−) = (−1.2 ± 2.8+0.9
−0.5) × 10−8 < 4.3 × 10−8
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arXiv:2407.05117

Analysis features

• use Belle data with  @  in 
Belle II analysis framework (B2BII) 

• high-momentum primary lepton ( ) from 
  

• use  decays to  or  

•  to have different flavor w.r.t. , to 
suppress copious bkgd. from Bhabha 
processes 

• FastBDT for further background suppression

25 fb−1 Υ(2S)

ℓ1
Υ(2S) → ℓ±

1 τ∓

τ+ ℓ+
2 νν π+ν

ℓ2 ℓ1

 Υ(2S) → ℓ±τ∓

Motivations
• 2-body CLFV decay of a quarkonium 

• can provide complementary constraints on the Wilson coefficients of the  
of new physics models (D.E. Hazard and A.A. Petrov, PRD 94 (2016) 074023)

ℒeff
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 Υ(2S) → ℓ±τ∓

OFBDT  distributions for the four channels; signal component assumes  ℬ = 1 × 10−5

JHEP 02(2024)187



18

JHEP 02(2024)187

 ResultsΥ(2S) → ℓ±τ∓
 distributions after p*1 OFBDT > 0.94

@ 90% CL

Belle (this) results are 14 (3) times more stringent than BaBar (PRL, 2010)
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  for  σ(e+e− → π+π−π0) aHVP
μ

For ‘light new physics’
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connections to muon (g-2) 

(g − 2) of the muon

! Tension between theory and experiment in the muon magnetic anomaly

aµ = (g − 2)µ

2 = aEW
µ + aQED

µ + aQCD
µ

! Tension reduces to ∼ 1σ with newly included calculations and data:
" aHVP,LO

µ from BMW Lattice QCD group [1]

" π form‐factor from CMD‐3 in aHVP,LO
µ

[2]

[1]Nature 593, (51–55) (2021)
[2]arXiv:2302.08834

Philipp Horak (HEPHY Vienna) Tau and Low Multiplicity at Belle and Belle II April 2, 2024 11 / 15

aQCD
μ = aHVP

μ + aH,LBL
μ

(82%) (18%)

<latexit sha1_base64="1160k7HLNHvYjq/L6h6TfGIblzo="></latexit>

aHVP,LO
µ =

↵

3⇡2

Z 1

m2
⇡

ds

s
K(s)R(s)

(g − 2) of the muon

HVP = hadron vacuum polarization; 82% of a
QCD
µ

HLBL = light‐by‐light; 18%

R(s) = σ(e+e− → hadrons)
σ(e+e− → µ+µ−)

! Belle II can provide
e+e− → hadrons cross
sections to improve
predictions

! Second largest contribution
e+e− → π+π−π0 presented
today

Philipp Horak (HEPHY Vienna) Tau and Low Multiplicity at Belle and Belle II April 2, 2024 12 / 15

(g − 2) of the muon

HVP = hadron vacuum polarization; 82% of a
QCD
µ

HLBL = light‐by‐light; 18%

R(s) = σ(e+e− → hadrons)
σ(e+e− → µ+µ−)

! Belle II can provide
e+e− → hadrons cross
sections to improve
predictions

! Second largest contribution
e+e− → π+π−π0 presented
today

Philipp Horak (HEPHY Vienna) Tau and Low Multiplicity at Belle and Belle II April 2, 2024 12 / 15



Youngjoon Kwon (Yonsei U.)                                                            LFV and light new physics from Belle II                                                           Oct. 8, 2024 21

σ(e+e− → π+π−π0)
σ(e+e− → π+π−π0) New for Moriond 2024!

! Reconstruct e+e− → π+π−π0 decays in L = 190 fb−1

! Measure at different
√

s by using initial state radiation technique
" Reconstruct ISR photon e+e− → π+π−π0γISR
" Pion invariant mass range from 0.62 to 3.5 GeV

! Effectively suppress background by using kinematic fit:
" Constrain sum of π+π−π0γISR momenta to e+e− beam momentum

! Validate main backgrounds in control samples:

e+e− → π+π−π0π0γ e+e− → K+K−π0γ

Philipp Horak (HEPHY Vienna) Tau and Low Multiplicity at Belle and Belle II April 2, 2024 13 / 15

Study  decays in  

as a function of  by using ISR technique 

• reconstruct , for  

Kinematic fit for background suppression 
• constrain  of  to that of  beams 

Validation (“scale factor”) of backgrounds in control samples 

e+e− → π+π−π0 ℒ = 191 fb−1

s′ 

e+e− → π+π−π0γISR 0.62 < s′ = M(3π) < 3.50 GeV

(E, ⃗p) π+π−π0γISR e+e−

arXiv:2404.04915
accepted for PRD
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ε(π0) =
Nfull(γISRπ+π−π0)
Npartial(γISRπ+π−)
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Figure 14. (a) Three-pion mass M(⇡+⇡�⇡0
rec.) distribution for event fully reconstructed using ⇡+⇡�� particles. The shaded

histograms in the top panel show the result of a M(⇡+⇡�⇡0
rec.) fit to the data with signal and the background components.

The di↵erences between data and fit results divided by the data uncertainties (pull) are shown in the bottom panel. (b) The
same M(⇡+⇡�⇡0

rec.) distribution for the events fully reconstructed using ⇡+⇡�⇡0� particles. The convention of the figure is
the same as (a). (b) The shaded histograms, which show simulated signal and background, are normalized to the data to check
the consistency of the signal model. The data-to-simulation ratio is shown in the bottom panel.

where i is an index for data or simulation. The numer-668

ator, Ni,full, is the number of events in which all parti-669

cles in the reaction, including the ⇡0, are detected. The670

denominator, Ni,part, is the number of events in which671

the reaction is reconstructed without measuring the ⇡0.672

Since the process in Eq. (8) is exclusive, one can infer673

the presence of the ⇡0 from the mass recoiling against674

the ⇡+⇡�� system, without reconstructing the ⇡0. By675

counting the number of events recorded in this way, the676

number of ⇡0’s that are needed for the e�ciency deter-677

mination is known. In addition, the prominent ! signal678

is used to determine the relevant yields.679

We carry out a one-constraint (1C) kinematic fit680

with the hypothesis that the mass recoiling against the681

⇡+⇡�� system is the known ⇡0 mass in order to in-682

fer the ⇡0 momentum. After the kinematic fit, we ob-683

tain partially-reconstructed events by requiring good fit684

quality, �2
1C,2⇡� < 10. We denote the invariant mass685

of the 3⇡ system calculated using the ⇡0 momentum686

as M(⇡+⇡�⇡0
rec.). We obtain fully-reconstructed events687

from the partially-reconstructed events with ⇡0’s de-688

tected using the same ⇡0 criteria used in the initial event689

selection. The criteria of �2
2⇡3� < 50 is also imposed to690

ensure signal purity.691

The values of Ni,part are determined from a fit to the692

M(⇡+⇡�⇡0
rec.) distribution of the partially-reconstructed693

⇡+⇡�� events. The M(⇡+⇡�⇡0
rec.) distribution, in694

Fig. 14(a), shows a prominent ! signal. The background695

is from the processes, e+e� ! ⇡+⇡�⇡0⇡0�, e+e� !696

�� ! K0
SK

0
L�, and e+e� ! qq(�). We check the shape697

of each background predicted by the simulation using698

data samples specially selected to enhance each contri-699

bution. The signal probability density function (PDF)700

for the M(⇡+⇡�⇡0
rec.) distribution is obtained from the701

simulation, and the consistency of the PDF shape is con-702

firmed using the data in the fully-reconstructed events,703

which are shown in Fig. 14 (b). The values of Ni,full704

are determined from a fit to the M(��) distribution for705

the fully-reconstructed events in the same M(⇡+⇡�⇡0
rec.)706

range as Ni,part.707

From the data-to-simulation ratio for the ⇡0 e�ciency708

determined in this way, the correction factor for the ⇡0
709

e�ciency is determined to be ⌘⇡0 = (�1.4± 1.0)%. The710

uncertainty in ⌘⇡0 is dominated by the uncertainty in the711

background contamination for the data in the denomina-712

tor.713

D. E�ciency for kinematic-fit quality selection714

The e�ciency of the requirement �2
2⇡3� < 50 can be715

tested using an e+e� ! µ+µ�� control sample, which716

provides high purity µ+µ�� events without a �2 require-717

ment. In addition, the signal and this data control sample718

have similar kinematic properties as they both include an719

ISR photon and two oppositely charged particles of sim-720

ilar masses. We define the e�ciency as a function of the721

�2-threshold �2
thras722

✏(�2
thr) =

N(�2 < �2
thr)

Nall
, (10)

where Nall and N(�2 < �2
thr) are the total number of

events before the �2 requirement and those satisfying
�2 < �2

thr. Using the �2 distribution function f(�2),

σ(e+e− → π+π−π0)
 efficiency as a major analysis challenge

The  is determined to an accuracy of ~1% by comparing full- and partial-
reconstruction in the  region 

π0

ε(π0)
ω → π+π−π0

partially reconstructed fully reconstructed 

arXiv:2404.04915
accepted for PRD
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  Resultsσ(e+e− → π+π−π0)
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Figure 17. Diphoton mass distributions (a) for events in the 3⇡ mass range 0.7825–0.7850GeV/c2 and (b) for events in the 3⇡
mass range 0.9000–0.9025GeV/c2. The convention in the figure is the same as in Fig. 16.
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Figure 18. Distribution of 3⇡ mass spectrum (left) for M(3⇡) less than 1.05GeV/c2 and (right) for M(3⇡) greater than
1.05GeV/c2. The points with error bars are determined from diphoton mass fits in each M(3⇡) bin. The filled stacked
histograms are the estimated contributions of residual backgrounds. The number of events measured in each M(3⇡) bin are
scaled to the 25MeV/c2 bin width.

B. Unfolding procedure866

The signal-only 3⇡ mass spectrum resulting from the867

signal extraction fits is unfolded to account for the migra-868

tion of the events across di↵erent bins due to the e↵ect869

of the detector response and FSR. The iterative dynamic870

stable unfolding method (IDS) [53] is used to unfold the871

original signal yield. The typical M(3⇡) mass resolution872

based on simulation is 6.5MeV/c2 at the ! resonance.873

The detector resolution is comparable to the width of874

the ! and � resonances.875

Unfolding transforms a measured spectrum into a gen-876

erated spectrum based on a transfer matrix Aij . The877

matrix Aij , which describes the probability of event mi-878

gration from the ith measured M(3⇡) bin to the jth gen-879

erated mass bin, is obtained from the simulated sample880
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and the global fit of Ref. [32], which includes the BABAR1071

result,1072

a3⇡µ (0.62–1.8GeV) = (45.91± 0.37± 0.38)⇥ 10�10.

The Belle II cross section is 6.9% higher than the cross1073

section observed by BABAR and 6.5% higher than the1074

result of the global fit. The compatibility with either is1075

2.5�. The values of a3⇡µ are calculated separately for the1076

energy ranges below 1.05GeV and 1.05–2.0GeV to com-1077

pare with BABAR, and in both regions, the di↵erences1078

are 7%.1079

X. DISCUSSION1080

Although similar analysis procedures are used by1081

BABAR [31] and Belle II measurements, there are sev-1082

eral di↵erences. The data size used by Belle II (191 fb�1)1083

is 2.4 times smaller than that of BABAR (469 fb�1). The1084

generator used for the signal simulation is AfkQed [57–1085

59] in BABAR and is PHOKHARA [20, 21, 40] in Belle II.1086

There is a di↵erence in the ISR QED simulation between1087

the two programs. Both experiments use kinematical 4C1088

fits for the signal selection. However, BABAR uses only1089

the measured direction for the ISR photon keeping the1090

energy as a free fit parameter while Belle II uses the mea-1091

sured ISR photon energy in their 4C fit. BABAR selects1092

⇡0’s by counting the number of events in a mass win-1093

dow in M(��), while Belle II determines the ⇡0 yield by1094

fitting the M(��) distribution. Although the size of the1095

background in the ! region is less than 1% in both exper-1096

iments, these di↵erences a↵ect the size of the remaining1097

background.1098
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Figure 24. Energy dependence of the vacuum polarization
corrections |1�⇧(s0)|2 reproduced from Ref. [56].

The systematic uncertainty of the cross section in the1099

! resonance region is 1.3% for BABAR and is 2.2% in1100

Belle II. BABAR’s systematic uncertainty is dominated1101

by detector e↵ects (1.2%), which are mainly from the1102

uncertainty in ⇡0 detection and in tracking. Belle II’s1103

uncertainty is also dominated by the uncertainty of the1104

⇡0 e�ciency (1.0%) and the tracking e�ciency (0.8%).1105

In addition, Belle II takes into account 1.2% due to the1106

uncertainty in ISR photon simulation according to the1107

recent observation in Ref. [51].110811091110

XI. SUMMARY1111

In summary, we measure the cross section for the pro-1112

cess e+e� ! ⇡+⇡�⇡0 in the energy range from 0.62GeV1113

Differences of the measured cross section around the  resonance ω

•
• main syst. uncertainties from efficiency and absence of NNLO in the MC

• 6.5% higher (  significant) than the global fit ➔ move to smaller ‘anomaly’ 

a3π
μ (0.62 − 1.8 GeV) = (48.91 ± 0.23 ± 1.07) × 10−10

2.5σ
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The systematic uncertainty of the cross section in the1099

! resonance region is 1.3% for BABAR and is 2.2% in1100

Belle II. BABAR’s systematic uncertainty is dominated1101
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uncertainty in ⇡0 detection and in tracking. Belle II’s1103

uncertainty is also dominated by the uncertainty of the1104

⇡0 e�ciency (1.0%) and the tracking e�ciency (0.8%).1105

In addition, Belle II takes into account 1.2% due to the1106

uncertainty in ISR photon simulation according to the1107

recent observation in Ref. [51].110811091110

XI. SUMMARY1111

In summary, we measure the cross section for the pro-1112

cess e+e� ! ⇡+⇡�⇡0 in the energy range from 0.62GeV1113
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Closing remarks 
Belle II has returned from LS1, and started Run 2 data taking in Feb. this 
year, collecting more than  data sample in total.

Belle II has searched for LFV and BNV decays of , and they are nearly 
background-free.  We expect much improved results with more data to be 
pouring in. 

We also show recent searches for LFV processes,  and 
 from Belle. 

In addition, we present Belle II measurement of , which 
is highly relevant for muon (g-2). 

Run 2 is about to resume (in a few days) with the goal of collecting data 
sample of several  in the coming few years.

0.5 ab−1

τ

τ− → ℓ−V0

Υ(2S) → ℓ±τ∓

σ(e+e− → π+π−π0)

ab−1
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Thank you!
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(g − 2) of the muon

HVP = hadron vacuum polarization; 82% of a
QCD
µ

HLBL = light‐by‐light; 18%

R(s) = σ(e+e− → hadrons)
σ(e+e− → µ+µ−)

! Belle II can provide
e+e− → hadrons cross
sections to improve
predictions

! Second largest contribution
e+e− → π+π−π0 presented
today
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